After the introduction and extensive dissemination of the multidrug-resistant Streptococcus pneumoniae clone Spain 6B -2 between 1989 and the early to mid-1990s, the prevalence of pneumococcal isolates expressing intermediate resistance to penicillin, mainly of capsular types 6, 19, and 23, also began to increase in Iceland. The purpose of this study was to investigate whether these isolates originated in Iceland or represented strains imported to the country. Isolates were characterized by pulsed-field gel electrophoresis; multilocus sequence typing; determination of pbp1a, pbp2b, and pbp2x gene restriction patterns; and partial sequencing of these pbp genes. The results indicate that, although singular events suggesting horizontal transfer of pbp genes (and capsular genes) were detected, the majority of clones circulating in the country had genetic backgrounds also detected abroad. The major mechanism of dissemination of penicillin resistance in Iceland appears to be the repeated introduction of multiple lineages, followed by clonal spread.
Diversity of Penicillin-Nonsusceptible Streptococcus pneumoniae Circulating in Iceland after the Introduction of Penicillin-Resistant Clone Spain 6B -2
(MIC, 0.1-1 mg/mL), mainly of capsular types 6, 19, and 23, were detected throughout the country [2] . This raised the possibility that the countrywide-disseminated Icelandic clone might be the donor of penicillin-resistant determinants (altered pbp1a, pbp2b, and pbp2x genes) [7, 8] to these isolates through genetic exchange events that were restricted to S. pneumoniae isolates circulating in Iceland. In an attempt to address this issue, we performed extensive molecular typing of Icelandic S. pneumoniae isolates of various isolation dates and geographic origins, penicillin resistance levels, and capsular types. Isolates with intermediate resistance to penicillin were characterized by PFGE, and representatives of each PFGE type were further characterized by multilocus sequence typing (MLST). MLST allelic profiles were compared with those of isolates recovered in other parts of the world and deposited in the MLST database (available at http://www.mlst.net). Finally, several representatives from each clone were characterized by determining restriction patterns of pbp1a, pbp2b, and pbp2x genes; partial sequencing of these genes was done for at least 1 representative of each clone.
Materials and Methods
Culture collection. All pneumococcal disease isolates recovered in Iceland that are nonsusceptible to penicillin are sent to the Department of Microbiology, Landspitali University Hospital, Reykjavik, where they are retested, serotyped, and stored at Ϫ70ЊC. Between 1989 and 1996, 1311 isolates were collected. Most isolates (94%) belonged to serogroup 6 (1017 isolates) or to 2 relatively large groups represented by isolates expressing either serogroup 19 (161 isolates) or serogroup 23 (54 isolates). The rest of the 79 penicillin-nonsusceptible pneumococci belonged to a variety of dif-ferent serotypes and appeared in the collection only in a sporadic manner.
Selection of penicillin-nonsusceptible pneumococcal isolates for characterization.
In total, 150 penicillin-nonsusceptible pneumococci (66 serotype 6B isolates, 46 serogroup 19 isolates, and 38 serogroup 23 isolates) were chosen for molecular characterization. For each group of isolates of a given serotype, strain selection was based on diverse clinical sources (sputum, middle ear fluid, nasopharynx, blood, eye, wound, sinus, and urine), epidemiological data (geographic origin and different years of isolation), and antibiotype. Isolates representing all existing antibiotypes within each serogroup were selected for the study (apart from a few isolates that could not be revived after long-term storage). All isolates with rare antibiotypes were selected for characterization; only a representative sample of very common antibiotypes was included. The clinical sources of the isolates were blood (1.3%), eye (2%), lung biopsy sample (0.7%), middle ear (26.7%), urine (1.3%), pus (2%), nose (2%), nasopharynx (42.7%), throat (2%), sputum (12.7%), wound (0.7%), and unknown (5.9%). Among serogroup 6 isolates, 42 strains with antibiotypes identical to the Icelandic clone but differing in geographic origin and isolation dates were chosen. Also included were 24 serotype 6B strains that had lower resistance to penicillin (MIC, р0.5 mg/mL) and different antibiotypes. Similar criteria were used in selecting the serogroup 19 and 23 isolates for molecular characterization. Some properties of the serotype 6B and 23F isolates have been described elsewhere [9] .
Growth conditions. S. pneumoniae were grown in a synthetic medium supplemented with yeast extract (final concentration, 0.1% [wt/vol]; Difco) [10] without aeration at 37ЊC or on trypticase soy agar (Difco) supplemented with 5% sheep blood and incubated in a 5% CO 2 atmosphere at 37ЊC.
Antimicrobial susceptibility testing and serotyping. Testing of susceptibility to erythromycin, tetracycline, chloramphenicol, and trimethoprim-sulfamethoxazole were done with the Kirby-Bauer technique, according to the National Committee for Clinical Laboratory Standards recommendations and definitions [11] . Penicillin MICs were determined with the Etest (AB Biodisk). Capsular types were determined by coagglutination with Danish typing serum [12] .
PFGE and MLST. Preparation of chromosomal DNA, restriction with SmaI endonuclease, and separation of DNA fragments by PFGE were done as described elsewhere [13] . Analysis of SmaI macrorestriction profiles was done by visual inspection of the patterns, according to currently accepted criteria [14] . MLST was done using primers and conditions described elsewhere [15] . pbp1a, pbp2b, and pbp2x gene restriction patterns. Chromosomal DNA was prepared as described elsewhere [16] . The pbp1a, pbp2b, and pbp2x genes were amplified as 2.4-, 1.5-, and 2-kb internal fragments, respectively, by polymerase chain reaction (PCR) with use of the primers described by Setchanova and Tomasz [17] , Dowson et al. [18] , and Munoz et al. [19] , respectively. Primers were purchased from Gibco/BRL. PCR was done by means of the GeneAmp PCR reagent kit with Ampli-Taq DNA polymerase (PerkinElmer) under the following conditions: 94ЊC for 4 min; 30 cycles of 94ЊC for 30 s, 53ЊC for 30 s, and 72ЊC for 2 min; and 1 final extension step of 72ЊC for 10 min. Amplification products were purified with the Wizard PCR Preps Purification System (Promega), according to the manufacturer's instructions, and digested with restriction endonucleases HinfI (pbp1a), StyI (pbp2b), and MseI plus DdeI (pbp2x). The mixture was separated by electrophoresis on 3% high-resolution agarose (Metaphor; FMC Bioproducts) in 1ϫ TBE (89 mM Tris, 89 mM boric acid, and 2 mM EDTA [pH 8.4] ; BioRad) at 200 V. Gels were stained with ethidium bromide and photographed according to standard procedures [20] .
Nucleotide sequencing. Purified PCR products of pbp1a, pbp2b, and pbp2x genes were sequenced by primer walking at the Rockefeller University Protein/DNA Technology Center by use of the TaqFS fluorescent dye terminator sequencing method and a PerkinElmer Applied Biosystems model 377 automated sequencer. Nucleotide and derived amino acid sequence data were analyzed with the DNAstar package software (Lasergene). Homology searches were made with the BLAST utility [21] , which is available through the National Center for Biotechnology Information Web site (http://www.ncbi.nlm.nih.gov/BLAST/). The Maximum ChiSquared (version 1.0) method was used on genes with mosaic structures, to establish the most probable cutting sites of recombinational events [22] .
The region sequenced for pbp1a spanned nt 1150-2913 of the published sequence for strain R6 (GenBank accession no. M90527), corresponding to codons 69-524 of the 719 codons of the gene. For pbp2b, the region sequenced spanned nt 842-2272 of the published sequence for strain R6 (GenBank accession no. X16022), corresponding to codons 204-679 of the 679 codons of the gene. For pbp2x, the region sequenced spanned nt 520-2502 of the published sequence for strain R6 (GenBank accession no. X16367), corresponding to codons 90-750 of the 750 codons of the gene. Nucleotide sequences were submitted to the GenBank database under accession numbers AF446209-AF446240.
Results

PFGE characterization of penicillin-nonsusceptible pneumococcal isolates.
Within the 66 serogroup 6 isolates, 5 PFGE types were identified: 42 (64%) belonged to PFGE type A, which has the typical profile of the Icelandic clone [4, 9] . The rest of the 24 isolates belonged to 4 other PFGE types: PFGE types B (13 isolates) and C (9 isolates), which were recovered during several years in different regions of the country, and PFGE types N and O, each recovered from single patients ( types I, N, and O expressed atypical capsular types, namely, 19, 6, and 6, respectively (table 1) .
MLST.
Among the 150 penicillin-nonsusceptible pneumococci selected, a total of 10 PFGE types were identified. At least 1 isolate from each of these 10 clones was also characterized by MLST to allow for comparison with data available in the international MLST database. Two of the PFGE types-A and C-were shown to share a common MLST allelic profile; the rest of the 8 PFGE types each corresponded to a distinct MLST type (table 2) .
Among serogroup 6 isolates, PFGE type A, previously identified as the Icelandic clone, was associated with MLST sequence type (ST) 90, which is typical of this clone [15] . PFGE type C, which is related to PFGE type A, although differing from it in 16 bands, had the same ST90 (as well as serotype and antibiotype) and was thus also considered to be the Icelandic clone. Isolates with PFGE types B and N had unique MLST allelic profiles not related to profiles described before (http://www.mlst.net). The single isolate of PFGE type O of capsular type 6 had ST199.
Among serogroup 19 isolates, clone O had ST199, the same ST identified in 4 isolates of serotype 19A recovered from invasive sources in the 1990s in the United Kingdom [15] . Clone H had ST177, the same allelic profile found in a clone of serotype 19F isolated in Portugal from day care center attendees [13, 23] and in Spain from invasive sources [24] .
Among serogroup 23 isolates, PFGE type I, previously identified as Spain 23F -1 [9] , had ST81, which is typical of this clone [15] . Similarly, isolates with PFGE type FF had ST277, the same ST recently described for members of this clone from other countries [23] . Clone K was a 2-locus variant of ST277, and the representative of PFGE type L had ST311, which was previously detected in the United Kingdom. PFGE type N had the same as-yet-undescribed allelic profile determined for strain IC165 of the same PFGE type but of capsular type 6. pbp1a, pbp2b, and pbp2x gene restriction patterns. To investigate the nature of the penicillin-resistant determinants found among Icelandic isolates nonsusceptible to penicillin and to obtain preliminary information concerning the possibility that the Icelandic clone might have been the donor of altered pbp genes, PCR-amplified internal fragments of pbp1a, pbp2b, and pbp2x genes were restricted, and patterns were determined. Several isolates from each clonal type were used for this experiment to verify whether isolates with the same genetic background (PFGE type) had also the same pbp patterns. Within each clonal type, the isolates selected included those that had the properties (penicillin MIC and serotype) most common among members of the clone, as well as isolates with unusual properties. Laboratory strain R6, which is susceptible to penicillin, was used for comparison.
Among the 54 Icelandic isolates tested, 6 patterns were obtained for pbp1a, 6 for pbp2b, and 10 for pbp2x (table 3) . Most isolates with the same PFGE type had also common pbp patterns, and most pbp patterns were specific to each clone. However, a few exceptions, suggesting possible genetic transfer events, were also observed. Patterns of pbp1a indistinguishable from the typical pbp1a pattern of the Icelandic clone (PFGE types A and C) were identified in representative isolates belonging to clone Spain 23F -1 (PFGE type I). The typical pbp2x pattern of the Icelandic clone was identified in strain IC165, expressing serogroup 6 but belonging to PFGE type N. A common pbp2b pattern 3 Sequencing of pbp genes. The pbp pattern data suggested that dissemination of altered pbp genes might have occurred among some Icelandic isolates. To confirm this, DNA sequencing of the pbp genes was done. In addition, for most isolates, we observed a diversity of pbp patterns that was clone specific and did not allow any conclusions to be drawn concerning the possible donors that contributed to the acquisition of altered pbp genes among the Icelandic isolates. Because pbp mosaic genes can arise by multiple acquisition of divergent blocks [25] , DNA sequencing could also provide new insights in these cases.
Several isolates were selected for sequencing of pbp1a, pbp2b, and pbp2x genes (table 3). The isolates included at least 1 strain of each PFGE type and of each pbp pattern. The only exceptions were clones L and H, which had low penicillin MICs (0.12 mg/mL) and pbp1a and pbp2b patterns indistinguishable from the ones found in the penicillin-susceptible control strain R6. In these cases, pbp1a and pbp2b were not sequenced. To try to detect gene transfer events, single isolates of a clone that had pbp pattern(s) different from the majority of members of the clone were also included in the pbp sequencing.
Diversity of nucleotide sequences of pbp1a genes. Of the 719 codons of the pbp1a gene, the region encompassing codons 69-524 was sequenced for 10 isolates representative of 8 PFGE types and 6 pbp1a patterns. The amino acid substitution Thr371Ala, previously described to confer penicillin resistance [25] , was found in isolates with penicillin MICs of 1 mg/mL. Isolates IC110 and IC165, with penicillin MICs of 0.5 mg/mL, had a Thr371Ser substitution that was previously shown to contribute to resistance [25, 26] . Figure 1 shows a schematic representation of the structures obtained for the Icelandic isolates and compares them with the sequence of the penicillin-susceptible strain R6. Relevant properties of the isolates are indicated. Also indicated is whether a similar mosaic structure (with у98% DNA homology) was previously described and was available through GenBank.
With the exception of pbp1a pattern 1, which corresponded to 2 related sequences detected in the Icelandic clone and clone Spain 23F -1, each gene pattern corresponded to a unique DNA sequence. Of the 7 sequences obtained, 6 were mosaic genes containing blocks highly divergent from strain R6.
Four of the 6 mosaic structures have been described elsewhere [25, 27, 28] . These included the sequences determined for representatives of the Icelandic clone, clone Spain 23F -1, and clones B and K. The 2 novel pbp1a mosaic sequences, identified in representative isolates of clones N and FF, contained blocks with high homology to the divergent block found in pbp1a of the Icelandic clone. The pbp1a sequence found in clone N also contained other mosaic sequences of unknown origin.
Of interest, the single isolate of clone O (IC113) that had a pbp1a pattern different from that of strain R6 had not only the same pbp1a pattern as isolates of clone B but also the same DNA sequence, with the exception of a single nucleotide change, suggesting that pbp1a of IC113 might have been acquired through horizontal transfer of this gene from a member of clone B.
Diversity of nucleotide sequences of pbp2b genes. Of the 679 codons of the pbp2b gene, the region encompassing codons 204-679 was sequenced for 10 isolates representing 8 PFGE types and 5 pbp2b patterns. All isolates had the amino acid substitutions Thr446Ala and Glu475Gly, identified elsewhere as important for resistance to penicillin [18, 29] . Figure 2 shows a schematic representation of the 6 structures obtained. As shown, 5 of the sequences had a mosaic structure, and 3 of these have been described elsewhere [29, 30] . Although both strains of the Icelandic clone (IC100 and IC141) had the same pbp2b pattern, different yet related sequences were identified in these 2 isolates. Specifically, strain IC100 had a divergent block different from that commonly found among members of this clone.
The sequences determined for the representative isolates of clones with penicillin MICs of р0.5 mg/mL suggest that the source of divergent blocks of pbp2b genes contributing to penicillin resistance was not the Icelandic clone. Of interest, representative isolates of clones FF, N, and K shared a common pbp2b mosaic gene, suggesting acquisition of the divergent DNA sequences from a common ancestral source prior to clonal dissemination of these lineages.
High degree of diversity in the nucleotide sequences of pbp2x genes. Of the 750 codons of the pbp2x gene, the region encompassing codons 90-750 was sequenced for 13 isolates representing the 10 different PFGE types and the 10 pbp2x patterns. Each pbp2x pattern was found to correspond to a unique DNA sequence. All isolates but 1 (IC182) had 1 or both amino acid substitutions-Thr337Ala and Gln552Glu-previously identified as important for resistance to penicillin [31] [32] [33] . Isolate IC182, although not having these mutations, had 2 blocks that were highly divergent from the sequence obtained for R6, which included the transpeptidase domain and the C-terminal region (see below). Figure 3 shows the 10 mosaic pbp2x structures identified in the Icelandic isolates. Five of these had high homology with sequences available at GenBank. As determined before [31] , the pbp2x sequences obtained for the Icelandic clone and for clone Spain Evidence suggesting horizontal gene transfer among Icelandic isolates was also obtained. Strain IC165, the single isolate of clone N in which pbp2x could be amplified with the primers described, had a mosaic sequence identical to that determined for representatives of the Icelandic clone, suggesting that pbp2x of strain IC165 was acquired from a member of this multiresistant clone. Single isolates of clones FF and O (strains IC173 and IC113, respectively), which each had unique pbp2x patterns not found among other members of these clones, also had different pbp2x genes. These had divergent blocks of unknown origin, suggesting that, after clonal dissemination of the 2 lineages, strains IC173 and IC113 acquired a new pbp2x.
Discussion
Iceland is a country that benefits from unique properties that make it particularly suitable for epidemiologic studies. It has geographic isolation, an ethnically homogenous population of Figure 1 . Schematic representation of pbp1a mosaic genes obtained for penicillin-nonsusceptible pneumococcal clones isolated in Iceland. STMK, SRN, and KTG conserved motifs are indicated for the penicillin-susceptible strain R6. The region encompassing codons 69-524 was sequenced. Percentages refer to nucleotide divergence from R6. Open blocks have high homology to R6; shading indicates sequences divergent from R6. Blocks with similar patterns indicate highly related sequences identified in different isolates. At right, strain codes and relevant properties are indicated. *Homology searches were performed at GenBank; mosaic DNA sequences with у98% homology were considered to be similar in terms of molecular epidemiology. only 270,000, and excellent health care services. The last include a continuous surveillance system for antimicrobial-resistant S. pneumoniae that has been in place since 1988. All drug-resistant pneumococcal strains isolated in the country are reported and sent to a central laboratory, where they are retested, serogrouped, and frozen. Together, these characteristics make the country a showcase for testing the introduction of clones and their subsequent fate (expansion or decay).
The first penicillin-resistant pneumococcus isolated in Iceland was recovered in 1988 [4, 9] and was of serotype 18. The first multidrug-resistant pneumococcus appeared in April 1989 and was later shown to be a member of clone Spain 6B -2-"the Icelandic clone" [3, 4, 9] . This clone spread all over the country in subsequent years [3, 4, 9] . In addition, sporadic isolates of clone Spain 23F -1 were detected throughout the same period [9] . Although the serotypes and antimicrobial susceptibilities of other clinical isolates of pneumococci recovered during the same period have been reported elsewhere [2] , their genetic backgrounds have largely remained undescribed. In this study, we have characterized pneumococcal clinical isolates with intermediate resistance to penicillin (MIC, 0.1-1 mg/mL) recovered in Iceland between 1989 and 1996 to obtain information about the mechanism of spread of penicillin resistance in this country. One of the working hypotheses was that the appearance of multiple clones with intermediate resistance to penicillin in Iceland might have been the product of horizontal transfer of pbp genes from the Icelandic clone (DNA donor) to susceptible strains circulating in Iceland. Several molecular typing approaches were used to test this.
PFGE analysis of 150 penicillin-resistant isolates of serogroups 6, 19, and 23 identified 10 PFGE (clonal) types. MLST confirmed this for 9 of the 10 PFGE types, because PFGE types A and C shared a common allelic profile characteristic of the Icelandic clone. Other widely spread international clones, such as clone Spain 23F -1 and clone FF [13, 23] , were also identified by both the PFGE and MLST methods among the Icelandic isolates. Only 2 of the 9 MLST clonal types, clones B and N, were unique to Iceland. The rest of the 7 penicillin- Although most of the genetic backgrounds of the Icelandic penicillin-nonsusceptible clones have also been detected elsewhere, the origin of the penicillin-resistant determinants was unknown, and the possibility that clone Spain 6B -2 could be the donor of these mosaic genes could not be ruled out without further investigation.
Determination of pbp1a, pbp2b, and pbp2x gene patterns of several isolates from each clone showed that, in general, members of a clone had the same characteristic pbp pattern. However, a few interesting exceptions were found that were better understood by DNA sequencing. Partial sequencing of pbp1a, pbp2b, and pbp2x indicated that each pbp pattern corresponded to a unique DNA sequence, with 1 exception found in the analysis of pbp1a and in 2 cases detected during the analysis of pbp2b sequences. However, even in these 3 cases, the differences in pbp sequences were not extensive.
Sequencing of pbp genes of selected isolates identified 6 mosaic sequences for pbp1a, 5 for pbp2b, and 10 for pbp2x. The number of mosaic sequences that had у98% homology with those available at GenBank by October 2001 was 4 for pbp1a, 3 for pbp2b, and 5 for pbp2x. The sequences available at GenBank were from strains isolated in countries other than Iceland. The identification of the same mosaic genes in Icelandic isolates and isolates from elsewhere was probably due to the dissemination of those genes in the S. pneumoniae population either by clonal spread or by horizontal transfer. In any case, it seems unlikely that exactly the same mosaic gene would be assembled more than once.
The remaining pbp mosaic genes appeared to be novel structures that contained blocks of unknown origin divergent from penicillin-susceptible strains. In some cases, blocks with high homology to those found in either clones Spain 6B -2 or Spain 23F -1 were also present. The finding of mosaics of unknown origin indicated that the gene pool responsible for the altered pbp sequences (likely to play a role in the development of penicillin resistance) was larger than the pneumococcal collection studied, presumably including other streptococcal species [28, 32, 33] , and ruled out a major contribution from clone Spain 6B -2. In parallel with the observations described above, interesting events suggesting horizontal gene transfer were observed: capsular transformation appeared to have occurred in 3 strains Figure 3 . Schematic representation of pbp2x mosaic genes obtained for penicillin-nonsusceptible pneumococcal clones isolated in Iceland. STMK, SSK, and KSG conserved motifs are indicated for the penicillin-susceptible strain R6. The region encompassing codons 90-750 was sequenced. Percentages refer to nucleotide divergence from R6. Open blocks have high homology to R6; shading indicates sequences divergent from R6. Blocks with similar patterns indicate highly related sequences identified in different isolates. At right, strain codes and relevant properties are indicated. *Homology searches were performed at GenBank; mosaic DNA sequences with у98% homology were considered to be similar in terms of molecular epidemiology.
(IC133, IC165, and IC233) that had the general properties of members of its clones except for the serogroup. The direction of capsular switch appeared to be 19 to 6, 23 to 6, and 23 to 19, respectively.
Partial sequencing of pbp1a of a representative strain of clone FF (IC134) identified a mosaic gene that could have originated by horizontal transfer of part of pbp1a from clone Spain 6B -2. Because other isolates from clone FF recovered in Portugal, Brazil, and Colombia have lower resistance to penicillin (typical MIC, 0.12 mg/mL), it is tempting to propose that the increased resistance of the Icelandic isolates (MIC, 0.5 mg/mL) was due to the acquisition of this pbp1a mosaic gene before clonal expansion within the country. An altered form of PBP1a is known to contribute to higher resistance to penicillin when PBP2b and PBP2x are already altered [26] .
Evidence for acquisition of the same pbp2b mosaic sequence by 3 different genetic backgrounds followed by clonal expansion of each lineage was found in clones N, K, and FF. A sequence with 99% homology was also found at GenBank. The direction of transfer could not be established, but, because clone FF is internationally disseminated and clone N appears to be restricted to Iceland, a possible direction of transfer would be from clone FF (donor) to clone N. Single isolates of 3 clones had 1 pbp gene not found among other members of the clone, indicating the occurrence of localized gene transfer. Isolates IC173 of clone FF and IC113 of clone O each had a unique pbp2x containing a divergent block of unknown origin, and isolate IC165 of clone N had the pbp2x (and capsular type) found in clone Spain 6B -2. PFGE and MLST showed that Iceland is not an island in terms of epidemiology of penicillin-nonsusceptible S. pneumoniae. The majority of clones circulating in the country had genetic backgrounds detected abroad. Whether the penicillin resistance determinants carried by the Icelandic isolates were acquired in Iceland or other countries is uncertain, but there is evidence of international dissemination of several of the pbp mosaic genes detected and there is also evidence that clone Spain 6B -2 was not the donor of these mosaic genes. Although a few interesting cases suggesting horizontal dissemination of pbp genes (and capsular genes) were observed, this does not appear to be a major mechanism of dissemination of penicillin resistance in the country. The dominant mechanism appears to be the introduction of multiple lineages followed by clonal spread.
Although the country has geographic isolation, the number of foreigners visiting it is not negligible, compared with its total population of ∼270,000 people: 1140,000 foreigners visited the country in 1990, and the number has steadily increased, reaching 1260,000 in 1999 [34] . In addition, favorite holiday destinations of Icelanders include southern European countries, such as Spain and Portugal, where the dissemination of several penicillin-nonsusceptible clones has been documented [4, 19, 23, 35] .
In other northern European countries, the use of molecular typing techniques has also detected the introduction and spread of international clones. For example, in Sweden, the introduction of clone France 9V -3 has been documented [36] , and several other multiple lineages with different antibiotypes that are internationally disseminated have been detected [37] [38] [39] [40] . The difference between Iceland and other northern European countries appears to lie mainly in the higher prevalence of the clone Spain 6B -2 rather than on the importation of many international lineages. At least 2 factors might have contributed to the higher prevalence of penicillin-nonsusceptible pneumococci in Iceland, compared with other northern European countries. The higher level of antimicrobial use in Iceland in the early 1990s [2] is likely to have contributed to a positive selection of penicillinnonsusceptible pneumococci strains, and a particularly high proportion of the children in Iceland attend day care centers, and children start attending day care centers at younger age (∼1 year) than in other northern European countries (∼2 years). Day care centers have been shown by several studies to be favorable environments for the dissemination of penicillin-nonsusceptible pneumococci, and it is well known that children of younger age (!2-3 years) have higher antimicrobial consumption and are at higher risk for carriage of penicillin-nonsusceptible pneumococci [2, 13, 41] .
The intervention strategies implemented in Iceland in the early 1990s aimed at containing and decreasing the prevalence of penicillin-nonsusceptible pneumococci have been effective, resulting in a decline of resistance after 1993 [42] . However, in light of our findings, it seems likely that repeated introduction of international clones will continue to occur, although their spread appears to be well contained. Why clone Spain -2 is not detected [13, 43] .
